Introduction {#s0010}
============

Deficits in the current management of encephalitis {#s0015}
--------------------------------------------------

Encephalitis is defined as inflammation of brain parenchyma associated with neurological dysfunction.[@bib0010], [@bib0015] It is strictly a pathological diagnosis. Recent epidemiological studies suggest that the global burden of encephalitis has been grossly underestimated, with current incidence suggested to be over 6000 annual cases in the UK, and 500,000 worldwide.[@bib0020], [@bib0025]

The syndrome encapsulates a myriad of diverse diseases, with distinct global distributions, presenting features and clinical courses.[@bib0025], [@bib0030] Infections represent the most frequently identified aetiology, with data suggesting this accounts for 20--50% of cases.[@bib0015], [@bib0035], [@bib0040] Hundreds of pathogens have been associated with encephalitis, with the most frequently identified including *Herpes simplex virus* (HSV), *Varicella zoster virus* (VZV), enteroviruses, *Measles morbillivirus*, *Mumps virus*, *Japanese encephalitis virus* (JEV), influenza viruses, adenoviruses and *Mycoplasma pneumoniae*.[@bib0025] HSV, JEV and rabies are the chief causes in Europe, Asia and Africa respectively. The main alternative aetiology to infection is immune mediated, for which management includes immune suppression. It is critical to differentiate between autoimmune and infectious causes of encephalitis; immune suppression in cases where the cause is an undiscovered pathogen could be devastating.

Strikingly, more than one third of cases of encephalitis remain unidentified, even in the best-equipped medical centres.[@bib0020], [@bib0035], [@bib0045] There are well-recognised challenges and inadequacies in current diagnostics and treatment, and these correspond with the poor reported outcomes.[@bib0050], [@bib0055], [@bib0060], [@bib0065] Overall mortality is estimated at 30%, but is highly variable and dependent on the aetiology and access to supportive care. A high proportion is left with complex disability.[@bib0060]

The introduction of management guidelines for cases of acute encephalitis syndrome over the last decade has aimed to improve outcomes.[@bib0045], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100] Notably, there are many differences between guidelines in the approach to diagnostic evaluation, such as standard and extended diagnostic testing, or whether to administer empirical Aciclovir.[@bib0105] These variations may reflect geographically contrasting aetiologies, timing of publication and the rapid acceleration of technologies, as well as available resources. Further, there is a lack of a systematic approach to access to pathogen discovery methods, discussed below. It is only the newest French guidelines in which NGS is mentioned at all, and the authors reasonably state that the clinical role is still to be evaluated.[@bib0100]

Diagnostics for encephalitis and the role of modern technologies {#s0020}
----------------------------------------------------------------

Current diagnostic techniques for suspected infectious cases rely on prior knowledge of the likely causative agent. Informed by clinical presentation, epidemiological data, guidelines and local resources, a laboratory will perform targeted tests for a disease. These are largely confined to specific polymerase chain reaction (PCR) or serological assays. This approach has fundamental limitations, and contributes to the relatively high proportion of encephalitis cases that remain undiagnosed. Aside from the difficulties of testing for the myriad of rare pathogens that might be expected to cause encephalitis, this approach does not permit the identification of new or unexpected pathogens. Undeniably, methods for novel pathogen discovery such as electron microscopy and cell culture have existed for many years, however they are cumbersome, time-consuming, lack sensitivity and specificity and are often no longer routinely available. Furthermore, there are groups of patients, such as immunosuppressed patients, who frequently present with subtle or non-specific symptoms and signs, are high-risk for encephalitis, infection with unexpected or unusual pathogens, and are seen to have more severe outcomes.[@bib0110]

There is a need for improved diagnostic methods for encephalitis. A method which has recently been applied to pathogen detection in cases of encephalitis is metagenomic analysis using next generation sequencing (NGS). Proof of concept for its use in the diagnosis of encephalitis has been demonstrated in the literature, however its suitability for routine diagnosis has not been assessed and is the subject of this review.

An introduction to next generation sequencing {#s0025}
---------------------------------------------

NGS, also known as deep sequencing, generates a single sequence from each fragment of DNA, or cDNA, present in a specimen. Downstream analysis allows differentiation between the origin of sequence fragments, for instance human, a specific bacterial species or a particular virus. This means mixed specimens, that contain host and microbial sequences, can be resolved ([Fig. 1](#f0010){ref-type="fig"} ).Fig. 1Schematic of pathogen-specific real-time PCR versus metagenomics for pathogen detection.Fig. 1

The potential application of next generation sequencing to encephalitis diagnostics {#s0030}
-----------------------------------------------------------------------------------

Sequencing the total DNA or RNA (known as metagenomics) from a biopsy or body fluid allows the identification of genetic material from any microorganism present in the specimen, and thus potentially causing encephalitis. This approach overcomes the limitations of targeted diagnostic methods such as PCR as it requires no prior knowledge or assumptions about the type of pathogen causing infection therefore enabling detection of novel and unexpected pathogens.

The majority of readily available sequencing methods to date are DNA based, however sequencing only total DNA would exclude detection of viruses with RNA genomes. Consequently, an alternative approach is to synthesise complementary DNA (cDNA) from total RNA, which will enable detection of viruses with RNA genomes but also the RNA transcripts of organisms with DNA genomes.

Once sequences are generated, complex downstream bioinformatic analysis is required to identify the presence of any pathogen sequences. In brief, any reads mapping to the human genome are removed, after which all remaining non-human sequences are compared to a database of known sequences to identify the provenance of the unknown sequences ([Fig. 2](#f0015){ref-type="fig"} ).Fig. 2Schematic of a typical metagenomics workflow. MetaMix[@bib0115] is the analysis tool employed by our laboratory.Fig. 2

The possibility of incorporating unbiased pathogen discovery technology into routine diagnostics for encephalitis would represent a paradigm shift in diagnostic algorithms. We and others[@bib0120] are validating the use of metagenomics for clinical use and prospective studies are already underway to examine whether application of NGS at the outset of management pathways improves patient outcome and costs, namely the Precision Diagnosis of Acute Infectious Disease (PDAID) study.[@bib0125], [@bib0130] Nonetheless, there is a paucity of evidence in this field which is largely limited to case reports. We aim to perform a rigorous summary and critical review of existing evidence, to assess the utility of NGS in diagnosis of encephalitis.

Methods {#s0035}
=======

Search strategy and selection criteria {#s0040}
--------------------------------------

Data for this review were identified by searches of Medline and EMbase using the keyword and/or MESH search terms \[?sequenc\* OR Metagenom OR Illumina OR RNA-seq OR RNASeq OR (Roche 454) OR (Ion torrent) OR (Proton / PGM) OR MiSeq OR HiSeq OR NextSeq OR minion OR nanopore OR pacbio\] AND \[Encephalitis OR Meningoencephalitis OR Brain or (Central Nervous System) OR CNS or Neur\* or (Cerebrospinal) or CSF\]. Only articles reporting application of NGS in CSF or brain biopsies in suspected encephalitis and published in English between January 2008 and April 2017 were included. The Web of Science database was also used to search bibliographies and citations of relevant article.

Data analysis {#s0045}
-------------

Two authors independently reviewed, extracted and summarised included literature. Data was extracted in the first instance by the first reviewer into a custom data extraction excel sheet with pre-defined data headings (Supplementary File 1), designed for the purpose of this review; additional miscellaneous data or observations were also noted where relevant. The extracted data and each included study were independently reviewed by the second author, with a focus on technical and scientific aspects of each study. Consensus extracted data was used in analyses; both review authors were in full agreement on the extracted consensus data. Relevant manuscripts that were not identified through the initial search, but were identified in the reference list of included literature, were also included.

Role of funding source {#s0050}
----------------------

The funding bodies had no role in the decision to write, the analysis, manuscript preparation or the decision to submit for publication.

Results {#s0055}
=======

Twenty-five articles were identified from the search ([Fig. 3](#f0020){ref-type="fig"} ). All the included articles were case reports, or case series of 1--7 patients. Altogether 44 cases were reported in which NGS provided a diagnosis in otherwise undiagnosed cases of encephalitis ([Table 1](#t0010){ref-type="table"} ). An exponential temporal increase in cases has been observed over the last decade ([Fig. 4](#f0025){ref-type="fig"} ). Country of origin of cases included Australia, China, France, Germany, India, Ireland, Japan, Poland, Sri Lanka, UK, USA, and Vietnam. Samples were analysed in laboratories largely in the USA and Europe (UK, France, Germany, Poland), but also in China, Japan and Vietnam. Among the 27 cases for which age was documented, the median age was 14 years (Interquartile range 3--61). Of the 22 cases that reported immune status of the patient, 73% (16/22) were immunocompromised. There was uniformly poor reporting of encephalitis or meningoencephalitis case definitions, and limited explanation of diagnostic assays performed and algorithms used for testing. None of the studies reported adherence to published or unpublished clinical guidelines.Fig. 3Study selection for inclusion in systematic review.Fig. 3Table 1Reports of infectious encephalitis diagnosed by metagenomic next generation sequencing (mNGS) meeting inclusion criteria.Table 1StudyCase No.Age (yrs)Immunosuppressed?Specimen TypePathogen IdentifiedConfirmatory testing of metagenomics resultFinal DiagnosisType of pathogenTreatmentOutcomePalacios et al. (2008)[@bib0135]163Yes (post solid organ transplantation)Pooled RNA from brain, cerebrospinal fluid, serum, kidney, and liverArenavirusViral culture, EM, immunohistochemistry and serology. Donor IgM and IgG positiveArenavirus EncephalitisNovel organismNoneDied264Yes (post solid organ transplantation)Pooled RNA from brain, cerebrospinal fluid, serum, kidney, and liverArenavirusViral culture, EM, immunohistochemistry and serology. SeroconversionArenavirus EncephalitisNovel organismNoneDied344Yes (post solid organ transplantation)Pooled RNA from brain, cerebrospinal fluid, serum, kidney, and liverArenavirusViral culture, EM, immunohistochemistry and serology.Arenavirus EncephalitisNovel organismNoneDiedQuan et al. (2010)[@bib0140]415Yes (primary immunodeficiency disorder caused by mutations in the Btk gene, which results in absence of B lymphocytes and serum immunoglobulins)Brain biopsyAstrovirus VA1/HMO-CPCR and antigen detection (IHC)Astrovirus encephalitisNovel organismNoneDiedBenjamin et al. (2011)[@bib0145]52NRCSFParvovirus 4Serum Parvovirus IgM positive, serum and CSF Parvovirus PCR positive.Parvovirus 4 EncephalitisNovel cause of encephalitis (known organism)NoneDischarged against medical advice on day 18 after admission63NRCSFParvovirus 4CSF Parvovirus PCR positiveParvovirus 4 EncephalitisNovel cause of encephalitis (known organism)NoneRecoveredTan et al. (2013)[@bib0150]731NRDNAse treated CSF supernatantCyclovirusPCRNone (unclear association)Novel organismNoneRecovered81NRDNAse treated CSF supernatantCyclovirusPCRNone (unclear association)Novel organismNoneRecoveredChan et al. (2014)[@bib0155]9NRNRBrain BiopsyMeasles virusPCR and neuropathologyMeasles SSPEKnown cause of encephalitisNoneDied10NRNRBrain BiopsyMeasles virusPCR and neuropathologyMeasles SSPEKnown cause of encephalitisNoneDied11NRNRBrain BiopsyHSV1PCR and neuropathologyHSV1 EncephalitisKnown cause of encephalitisNoneDied12NRNRBrain BiopsyHSV1PCR and neuropathologyHSV1 EncephalitisKnown cause of encephalitisNoneDied14NRNRBrain BiopsyHSV1PCR and neuropathologyHSV1 EncephalitisKnown cause of encephalitisNoneDiedWilson et al. (2014)[@bib0125]1614Yes ((SCID); partial immune reconstitution after two BMT).CSF and serum; DNAse treated and untreated*Leptospira santarosai*PCRLeptospira MeningoencephalitisRareHigh-dose intravenous penicillin G (13 million units daily).RecoveredBrown et al. (2015)[@bib0160]171Yes (cartilage hair hypoplasia and associated immunodeficiency due to RMRP mutations, peripheral blood stem cell transplant)Brain BiopsyAstrovirus VA1/HMO-CPan-astrovirus hemi-nested PCR, real-time PCR, IHC and EM in brain biopsy. Real-time PCR in CSF, stool, serumAstrovirus EncephalitisNovel organism (emerging cause of encephalitis)NoneDiedFrémond et al. (2015)[@bib0165]1814Yes (primary immunodeficiency disorder caused by mutations in the Btk gene, which results in absence of B lymphocytes and serum immunoglobulins)Brain BiopsyAstrovirus VA1/HMO-CPCR positive brain (CSF negative)Astrovirus EncephalitisNovel organism (emerging cause of encephalitis)IVIG, ribavirin and PEG-IFNSome clinical improvement following tailored therapyGreninger et al. (2015)[@bib0170]1915No (Type 1 diabetes mellitus and celiac disease)Brain Biopsy*Balamuthia mandrillaris*PCR and histopathology*Balamuthia mandrillaris* EncephalitisRareNone (miltefosine was requested but the patient died awaiting treatment)DiedHoffmann et al. (2015)[@bib0175]2063NoBrain BiopsyVariegated Squirrel BornavirusImmunohistochemistry, PCR and neuropathology and serologyBornavirus EncephalitisNovel organismNoneDied2162NoBrain BiopsyVariegated Squirrel BornavirusImmunohistochemistry, PCR and neuropathologyBornavirus EncephalitisNovel organismNoneDied2272NoBrain BiopsyVariegated Squirrel BornavirusImmunohistochemistry, PCR and neuropathologyBornavirus EncephalitisNovel organismNoneDiedNaccache et al. (2015)[@bib0180]2342Yes (CLL with BMT)Brain Biopsy and CSF (DNAse treated and untreated)Astrovirus VA1/HMO-CPCR and immunohistochemistry.Astrovirus EncephalitisNovel organism (emerging cause of encephalitis)Ribavirin and ImmunoglobulinDiedPerlejewski et al. (2015)[@bib0185]2460NoCSFHSV1PCR and seroconversionHSV1 EncephalitisKnown cause of encephalitisAcyclovirRecoveredPhan et al. (2015)[@bib0190]25NRNRCSF supernatantCyclovirusPCRNone (unclear association)Novel organismNot reportedNot reported26NRNRCSF supernatantGemycircularvirusPCRNone (unclear association)Novel organismNot reportedNot reported27NRNRCSF supernatantGemycircularvirusPCRNone (unclear association)Novel organismNot reportedNot reported28NRNRCSF supernatantGemycircularvirusPCRNone (unclear association)Novel organismNot reportedNot reportedWilson et al. (2015)[@bib0195]2974Yes (hydroxychloroquine for rheumatoid arthritis)CSF*Balamuthia mandrillaris*18S PCR positive CSF, brain biopsy and vitreous fluid; immunohistochemistry and borderline positive serology*Balamuthia mandrillaris* EncephalitisRareNoneDiedChristopeit et al. (2016)[@bib0200]3065Yes (chemotherapy, radiotherapy, BMT)CSFFungi -- candida tropicalis and fusariumCandida confirmed by PCR. Fusarium not confirmed.Fungal encephalitisRareAntifungals (caspofungin, voriconazole, amphotericin)DiedGuan et al. (2016)[@bib0205]31NRNRCSFHSV1PCRHSV 1 EncephalitisKnown cause of encephalitisAcyclovirRecovered32NRNRCSFHSV1PCRHSV 1 EncephalitisKnown cause of encephalitisAcyclovirRecovered33NRNRCSFHSV2PCRHSV 2 EncephalitisKnown cause of encephalitisAcyclovirRecovered34NRNRCSFVZVPCRVZV EncephalitisKnown cause of encephalitisAcyclovirRecoveredKawada et al. (2016)[@bib0210]35\<1NRCSFCoxsachievirus A9PCRCoxsachievirus A9 encephalitisKnown cause of encephalitisNot reportedNot reported367NRCSFCoxsachievirus A9PCRCoxsachievirus A9 encephalitisKnown cause of encephalitisNot reportedNot reported373NRCSFMumpsPCRMumps encephalitisKnown cause of encephalitisNot reportedNot reportedLum et al. (2016)[@bib0215]38\<1Yes (AML 120 days post-BMT)FFPE Brain BiopsyAstrovirus VA1/HMO-CPCRAstrovirus VA1/HMO-C encephalitisNovel organism (emerging cause of encephalitis)Immunosuppression reduced.DiedMorfopoulou et al. (2016)[@bib0220]39\<1Yes (SCID)Brain BiopsyCoronavirus OC43PCR and immunohistochemistry.Coronavirus OC43 EncephalitisNovel cause of encephalitis (known organism)Unconditioned cord-blood transplantation, which resulted in T-cell engraftment.DiedPhan et al. (2016)[@bib0225]406NRFiltered CSF supernatant DNAse treatedDensovirusPCR, including in CSF re-extracted in different labNMDA Encephalitis. Unclear association with densovirus.Novel organismHigh dose IV steroids and rituximab.RecoveredSalzberg et al. (2016)[@bib0230]4116NRBrain BiopsyJC polyomavirusImmunohistochemistry and neuropathologyJC encephalitisKnown cause of encephalitisNot stated.Not reported4267NRBrain Biopsy*Mycobacterium tuberculosis*Not confirmed by conventional microbiology (AFB negative) but had necrotising granulomas and responded rapidly to treatment*M. tuberculosis* encephalopathyKnown cause of encephalitisAnti-TB therapyRecovered4344Yes (post solid organ transplant)FFPE Brain BiopsyEBVRNA in-situ hybridisationEBV encephalopathyKnown cause of encephalitisImmunotherapy modulatedNot reportedSato et al. (2016)[@bib0235]444Yes (congenital aplastic anaemia since birth and previous cord blood cell transplant and chronic pulmonary graft-versus host disease on immunosuppressants).CSFAstrovirus-MLB1PCR but only in stool, throat and urine. CSF and serum were PCR negative (suggest due to low viral load)Astrovirus-MLB1 EncephalitisNovel cause of encephalitis (known organism)NoneRecoveredMongkolrattanothai et al. (2016)[@bib0240]4511NoCSF*Brucella melitensis*PCR and serology. 16S PCR was negativeNeurobrucellosisRareTreatedRecoveredMorfopoulou et al. (2017)[@bib0245]461Yes (SCID); BMTBrain biopsyMumps vaccine strainPCR and immunohistochemistryVaccine derived mumps encephalitisNovel cause of encephalitis (known organism)NoneDied[^1]Fig. 4Temporal trends in the Publication of Encephalitis Cases involving Next-Generation Sequencing in the last Decade.Fig. 4

Discussion {#s0060}
==========

Improved diagnosis with NGS {#s0065}
---------------------------

In 16 of the 44 known cases, well-established causes of encephalitis were detected which could have been identified by rapid and specific primary screening methods such as PCR. These organisms included HSV, coxsackievirus A9, measles virus, VZV, mumps virus, Epstein-Barr virus, JC virus and *Mycobacterium tuberculosis*. However, in the remaining 28 cases novel (18/44), rare (5/44) or unexpected (5/44) organisms were detected which could not (in the case of novel organisms) or are unlikely (in the cases of rare and unexpected pathogens) to have been detected using specific PCR assays.

The five unexpected cases were known human pathogens but novel causes of encephalitis. Although diagnostic PCR assays may exist for some of these viruses, they are unlikely to have been considered in the differential diagnosis and therefore would not be routinely tested. This included two cases of human parvovirus 4 (PARV4),[@bib0145] first described in 2005 when it was associated with a viraemic patient in whom an acute viral infection was suspected[@bib0250]; one case of human coronavirus OC-43,[@bib0220] typically a human respiratory pathogen never previously described in a human case of encephalitis but known to cause encephalitis in mice[@bib0255]; one case of human astrovirus MLB1,[@bib0235] a recently described human astrovirus strain the pathogenic role of which remains unclear; and one case of mumps vaccine virus in a child who was vaccinated prior to a primary immunodeficiency diagnosis.[@bib0245]

The five cases in which rare causes of encephalitis were identified were *Brucella melitensis*, *Candida tropicalis*, *Leptospira santarosai* and two cases of *Balamuthia mandrillaris*.

Eighteen cases were considered to be novel pathogens. Three (3/14) of the identified organisms were arenaviruses, three cases were a variegated squirrel bornavirus, four were a novel astrovirus (Astrovirus VA1/HMO-C), three were cycloviruses, three were gemycircuarlviruses and one was a densovirus. The three arenavirus cases occurred in three solid organ transplant recipients who all received organs from the same donor, who was later shown to be anti-arenavirus IgM and IgG seropositive. The three cases of variegated squirrel bornavirus occurred in three breeders of variegated squirrel and was retrospectively detected in one of the breeder\'s squirrels. The novel astrovirus VA1/HMO-C was initially detected in an adolescent with primary immunodeficiency; it has since been shown, through four further case reports identified by NGS,[@bib0160], [@bib0165], [@bib0180], [@bib0215] as an emerging under recognised cause of encephalitis in immunosuppressed patients that should be included in the differential diagnosis of encephalitis in this patient group. The clinical significance of the densovirus, cyclovirus and gemycircularviruses is doubtful, and discussed in detail further on in this review.

An additional advantage of using NGS for the diagnosis of encephalitis is that, aside from pathogen identification, in instances where virus titre and read depth is high enough it is possible to generate partial or full genome sequences for the pathogen. Pathogen sequences can be used for phylogenetic analysis to elucidate the strain[@bib0160], [@bib0220] or possible source of the organism, as was the case for Morfopoulou et al., who demonstrated 99.5% homology between the mumps virus found in the brain of an encephalitic child with primary immunodeficiency and the vaccine batch used to immunise the child.[@bib0245]

Proving causality {#s0070}
-----------------

NGS is a powerful tool for pathogen detection, allowing us to detect organisms that may not previously have been described or associated with the disease in question. However, as with all molecular tools, detection of a microorganism does not prove causality.

To provide further evidence for an aetiological role in encephalitis of the identified pathogen, a challenge reviewed in detail elsewhere,[@bib0015] some reports make use of additional clinical and laboratory indicators to exclude the possibility that the detected organism is an incidental finding. Seroconversion to the pathogen in question is highly suggestive of etiological significance of an organism[@bib0260] however pre-infection or follow-up serum samples are rarely available; of the 44 cases identified in this review seroconversion was demonstrated in only two.[@bib0135], [@bib0185] A further eight were able to demonstrate the presence of specific antibodies, but without knowledge of the sero-status prior to onset of symptoms. Although detection of pathogen-specific intrathecal antibodies is also highly suggestive of a causal relationship and recommended by UK guidelines,[@bib0015] none of the cases identified in this review reported intrathecal antibody testing. In cases where encephalitis is caused by reactivation of a dormant pathogen, rather than primary infection, or where the pathogen does not cause a strong systemic antibody response, serology may not be useful.

In the case of a novel or emerging cause of encephalitis for which the clinical significance may be unclear, proving causality is particularly important. In this instance organism-specific immunostaining or *in situ* hybridisation in affected tissues will provide additional evidence of the cellular distribution of infection and exclude the possibility of reagent or tissue contamination; 18 of the reviewed cases report confirmatory immunostaining or in situ hybridisation. In this context brain biopsies are a more useful specimen than cerebrospinal fluid (CSF) since it allows immunostaining of the affected tissue. Moreover, in encephalitis caused by mutated pathogens such as in subacute sclerosing panencephalitis (SSPE) caused by chronic measles infection[@bib0265] or cases of mumps vaccine encephalitis[@bib0245] the pathogen may not be detected in CSF but only in brain parenchyma.

An alternative molecular method, such as PCR, can be used to confirm the presence of the detected organism and exclude the possibility that the identified organism is an artefact of the bioinformatics analysis. In this review 33/44 cases confirmed the presence of the organisms by PCR. PCR supports the identity of the organism sequenced by NGS, however does not contribute to proving causality.

Six cases identified novel small circular ssDNA viruses in the CSF of patients with encephalitis of unknown aetiology; three cycloviruses[@bib0150], [@bib0190] and three gemycircularviruses.[@bib0190] However, the clinical significance of these is doubtful. Phan et al.[@bib0190] confirmed, via repeat DNA extraction using an alternative method, that the source of the cyclovirus is not reagent contamination. Nevertheless, whilst screening CSF samples for cyclovirus by PCR, Tan et al.[@bib0150] detected cyclovirus in the CSF of patients in whom the aetiology of their central nervous system (CNS) disease had already been confirmed as Japanese encephalitis, dengue virus or bacterial meningitis. The only identified cellular host for gemycircularviruses is fungi. In the absence of other evidence of pathogenicity, such as seroconversion or demonstration of the pathogen within cells in the brain, the probability remains that detection of cyclovirus or gemycircularvirus in CSF is an incidental finding. Similarly the detection of densovirus, a small linear ssDNA virus, in CSF may be incidental since it was detected in a case with confirmed N-methyl D-aspartate (NMDA)-receptor encephalitis.[@bib0225] Autoimmune antibodies have previously been co-detected with herpesvirus DNA in CSF from cases of encephalitis,[@bib0270] however the host range of densoviruses is to date exclusively invertebrates; the authors suggest a possible explanation for detection in CSF is the passive transfer of virus from an insect bite or CSF contamination from skin flora or an environmental source. In these cases, further evidence is required before assigning a pathogenic role.

As with other molecular tests, including PCR which has become the gold standard of virological diagnostics, results from metagenomics applied to cases of encephalitis should be interpreted in the context of other clinical and laboratory findings, particularly when a novel or unexpected organism is detected.

Diagnostic yield {#s0075}
----------------

The majority of reports concerning the use of metagenomics for diagnosis of encephalitis are comprised of single case reports, therefore it is difficult to assess the diagnostic yield (number of positive results/number of cases tested), and thus utility, of metagenomics for encephalitis.

Five reports included testing multiple cases of encephalitis; in these the diagnostic yield was 0% (0/36),[@bib0040] 1.6% (2/125),[@bib0150] 6% (4/62),[@bib0190] 19% (3/16)[@bib0210] and 30% (3/10).[@bib0230] The first three studies with low diagnostic yield of 0--6% tested only CSF supernatant which is cell-free, therefore only cell free viruses or cell-free microbial nucleic acid can be detected; moreover CSF often contains a lower pathogen load then brain biopsies and so pathogen detection is more challenging. The aforementioned studies also included only samples for which primary routine diagnostic testing using standard methods was negative therefore the utility of NGS as a first-line test cannot be assessed. A higher diagnostic yield was reported where specimens were tested using metagenomics as a first-line screening tool; 19% using whole CSF[@bib0210] and 30% using brain biopsies.[@bib0230] The use of brain tissue rather than CSF may increase diagnostic yield. In three cases a pathogen was detected in brain biopsy but not in CSF[@bib0165], [@bib0180], [@bib0245] while the opposite was not observed, although in one instance the proportion of pathogen reads was greater in CSF than brain biopsy.[@bib0170]

In our hands, the diagnostic yield for metagenomics in encephalitis is, to date, 50% (8/16) all of which were brain biopsies. The eight identified pathogens were coronavirus OC-43,[@bib0220] two cases of vaccine derived mumps virus,[@bib0245], [@bib0275] *Toxoplasma gondii* (unpublished) and four cases of astrovirus VA1/HMO-C[@bib0160], [@bib0215] (two cases unpublished). All of our positive results were in immunocompromised patients and in the majority of cases there was a high index of suspicion of infection, suggesting metagenomics may be best applied to a targeted population in whom it will be most rewarding.

Feasibility of NGS for routine diagnostic use {#s0080}
---------------------------------------------

### Quality assurance {#s0085}

Prior to providing a new diagnostic test, extensive validation must be undertaken to ensure the service is fit for purpose, such as determining the specificity and sensitivity of an assay, the purpose of which is to ensure a robust, accurate and reproducible result all of which is part of quality assurance. The regulatory requirements that should be fulfilled for the validation of metagenomics for pathogen detection is discussed in detail elsewhere,[@bib0120] however one aspect that must continue beyond the validation stage is the use of positive and negative controls.

In the context of metagenomics for pathogen detection a positive control is a specimen (real or constructed) that is known to be positive for one or multiple organisms; a negative control is one that is known to be negative for any pathogens. These should be included in every sequencing run; if the positive control fails (i.e. the known pathogen/s is not detected) this invalidates the results of all clinical specimens processed in parallel for which no pathogen was identified. Conversely if the negative control fails (i.e. an unexpected organism is identified in the sequence data) this could indicate reagent contamination or a problem with the analysis pipeline and thus positive results from samples processed in parallel are invalidated and should be repeated. This having been said, of 44 cases of encephalitis identified in this review ([Table 1](#t0010){ref-type="table"}), only 5 included positive controls and 15 included negative controls. The accuracy of a positive result is critical for patient management; however a negative result can also be useful to exclude infection, particularly where anti-inflammatory and immunosuppressive treatments are being considered. Consequently prior to provision of a clinical service appropriate controls must be in place to ensure results are reliable and therefore clinically actionable.

The use of controls is aptly demonstrated by Mongkolrattanothai et al.,[@bib0240] who not only included positive and negative controls but also implemented defined criteria in their analysis pipeline that dictates any viruses detected in a clinical specimen should not be detected in the negative controls and, moreover, bacteria detected in a clinical specimen should only be reported as a significant finding if detected with a reads per million (RPM) ratio ≥10 (*RPM ratio* = *RPM sample* / *RPM negative control*). This approach overcomes the common problem of reagent contamination with microbial nucleic acids; of 33 cases in which the presence or absence of contaminating reads was reported, 22 cases reported the presence of environmental bacteria, plant viruses, bacteriophages and/or avian retroviruses.[@bib0125], [@bib0150], [@bib0160], [@bib0170], [@bib0180], [@bib0185], [@bib0195], [@bib0200], [@bib0205], [@bib0210], [@bib0220], [@bib0230], [@bib0240], [@bib0245]

### Turn-around times {#s0090}

Only 5 cases reported the time from specimen collection to pathogen identification; for these the turn-around time was 2--6 days, with a median time of 6 days. Due to limitations of currently available sequence library preparation methods and sequencing chemistries a sample-to-answer turn-around time as short as 48 hours[@bib0125] is only achievable with a fast downstream analysis pipeline; in the reported case analysis took only 97 minutes compared to up to two days in other, computationally intensive, pipelines. Nevertheless it serves as proof of principle that relatively short turn-around times are achievable, even though up to 6 days is more common.

The sample-to-answer turn-around time of specific real-time PCR, which is the current gold standard for diagnosis of viral infections, is often less than 12 hours in a clinical laboratory and potentially less than 4 hours without batch processing. Consequently NGS cannot yet offer the same speed of result as PCR, which could delay the diagnosis in instances of encephalitis caused by well-known pathogens that are detectable by PCR. Nonetheless with rapidly increasing library preparation and sequencing speeds, turn-around times are likely to significantly improve in coming years.

Limitations of metagenomics for diagnosis of encephalitis {#s0095}
---------------------------------------------------------

Metagenomics for pan-pathogen detection has the potential to revolutionise the diagnosis of encephalitis and other difficult-to-diagnose infections; however, there are some limitations of the technique that should be considered.

The sensitivity and limit of detection (LOD) of metagenomics can be determined for model organisms that represent major pathogen groups, such as DNA and RNA viruses, gram positive and negative bacteria, fungi and parasites; however, the broad-range nature of the technique makes it impossible to determine the sensitivity or LOD for every possible organism. This is also a recognised problem with pan-bacterial PCR detection which is used clinically,[@bib0280] however can be confounded in metagenomics by differences between specimens and specimen types (for instance tissue biopsies versus CSF) in the quantity of genomic material, the ratio of host:pathogen sequences and, depending on the sequencing chemistry and degree of specimen multiplexing, the sequencing yield. Some of these limitations may be overcome by the careful use of processing and sequencing controls, as discussed elsewhere.[@bib0120]

Whilst metagenomics will produce a sequence for every fragment of DNA or RNA in a specimen, only pathogens with homology to known organisms in the sequence database of choice will be identified. If an organism is missing from the database, or if the pathogen causing infection is novel with no homology to known organisms, it will not be identified. Consequently, a negative result obtained by metagenomics, whilst reducing the likelihood of an infectious cause, cannot unequivocally exclude infection.

Sequencing total DNA or RNA will inevitably include sequencing host DNA or RNA transcripts which can result in \>99% of the sequence data generated mapping to the human genome. The consequence of this is wasted cost, as the sequencing reaction is dominated by host rather than pathogen sequences, and also has implications for the turn-around times and sensitivity of pathogen detection. In order to detect pathogen sequences, which can be as few as nine in 68 million reads,[@bib0155] vast sequencing read depths are required; very high throughput sequencing platforms with only a very limited number of samples sequenced in parallel are required to achieve this. To overcome this, depletion of host DNA or RNA prior to sequencing is required; however the options for this are currently limited and are not all suitable for detection of viral pathogens. Improved methods for host DNA and RNA depletion would considerably reduce the cost and time to result and improve the sensitivity of metagenomics for diagnosis of encephalitis.

Finally it is important to remember that in some cases of encephalitis, the pathology is due to the immune response and the pathogen may be rarely detected if at all. For example in *Japanese encephalitis virus* (JEV) infection, the commonest cause of encephalitis in Asia, the most sensitive RT-qPCR detects RNA in less than 10% of cases, and the mainstay of diagnosis is serology.[@bib0285] In these cases, NGS is unlikely to significantly improve the diagnostic yield.

Recommendations for the use of NGS in diagnosis of encephalitis {#s0100}
---------------------------------------------------------------

This systematic literature review and case series suggests there is preliminary evidence to support a role for NGS in the management of undiagnosed encephalitis. Undeniably, the research is limited to case reports, with poor reporting of clinical case definitions of encephalitis, baseline tests performed, or adherence to clinical guidelines. Nonetheless, current epidemiological data suggests that the cause of encephalitis remains unknown in 30--60% of cases[@bib0045], [@bib0110]; and NGS has striking potential to identify undiagnosed pathogens and thus reduce the number of cases with unknown aetiology. NGS also has utility for pathogen detection in other clinical syndromes, such as respiratory infections,[@bib0290] therefore the implementation of this technique in clinical laboratories would have wider implications for diagnosis of infection beyond encephalitis.

Notably, current turn-around-times prevent the replacement of routine methods, such as PCR, for the diagnosis of acute encephalitis. For these reasons, the role of NGS in clinical algorithms is still to be delineated. At this point in time, we suggest NGS is routinely applied for the diagnosis of acute cases of encephalitis for which no cause is found after targeted investigations using PCR. Recommendations for first-line targeted testing are discussed in detail elsewhere[@bib0075] but in the UK should include PCR for HSV, VZV and enteroviruses. However due to differing local epidemiology clinicians should consult the relevant national guidelines.[@bib0045], [@bib0070], [@bib0075], [@bib0085], [@bib0090] In immunocompromised patients however, metagenomics ought to be considered earlier; 73% of case reports in this review involved immunocompromised patients. This is the population at most risk of infection with novel and unexpected organisms and, moreover, may present with a more chronic or insidious clinical history[@bib0295] in which a one-week turn-around-time is more acceptable. Given that the causative pathogen is not always detected in CSF, in all cases of encephalitis in which diagnosis by NGS is being sought the preferred specimen type is brain biopsy. Nevertheless CSF samples are acceptable if it is the only specimen available. Our recommendations for the use of NGS in diagnosis of microbial causes of encephalitis are summarised in [Fig. 5a](#f0030){ref-type="fig"} , with the contrasting algorithm for targeted testing summarised in [Fig. 5b](#f0030){ref-type="fig"}. This review was limited to pathogen detection by NGS in brain biopsies or CSF. There may also be a role for testing other specimens, such as throat samples and urine. This was recently shown in an encephalitis case diagnosed by NGS of urine, identifying a case of Japanese encephalitis virus.[@bib0300] Fig. 5(A) Recommendations for microbial investigations in the diagnosis of encephalitis incorporating NGS metagenomics, allowing detection of unexpected or novel organisms; (B) Recommendations for targeted microbial investigations (modified from Solomon et al. 2012) without NGS metagenomics, which will not allow detection of unexpected or novel organisms and for which there is unlikely to be sufficient specimen for exhaustive testing.Fig. 5

It is expected that over the next few years, the cost and time-to-result of metagenomics will reduce, and with this, it is foreseen that it will be possible to offer this as the first-line diagnostic test. This depends on the ability to deplete host DNA and RNA prior to sequencing, reduced read depth requirement and faster sequencing and bioinformatics technologies.

The role of autoimmune encephalitis, in some instances triggered by an infection,[@bib0305] is beyond the scope of this review. However, since up to 20% of cases of encephalitis are caused by autoimmune disorders, in which the immune system attacks specific host proteins,[@bib0110], [@bib0310] a comprehensive diagnostic service should include antibody mediated, as well as infectious, causes of encephalitis. The clinical presentation of autoimmune (non-infectious) and infectious encephalitis are similar,[@bib0315] however the treatment is often opposing. Non-infectious causes may require immunosuppressive therapy[@bib0320]; however administering immunosuppressive therapy where the cause is infectious exacerbates the infection, with potentially fatal results. A conclusive diagnosis of the causative agent of encephalitis would improve differentiation between infectious and auto-immune causes thus appropriate management of immunosuppression.

In addition to the direct impact on individual patients, improving the diagnosis of encephalitis will increase our understanding of the causes of encephalitis generally. This knowledge is critical for future development of fast point-of-care tests and to develop clinical algorithms that minimise the time to diagnosis and treatment, thus maximising the chances of recovery.
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[^1]: NR, not reported; CSF, cerebrospinal fluid; FFPE, formalin fixed paraffin embedded; SCID, severe combined immunodeficiency; BMT, bone marrow transplant; AML, acute myeloid leukaemia; CLL, chronic lymphocytic leukaemia.
